Abstract In divertor tokamak plasma, the energetic ion losses of edge plasma are considered to be responsible for the negative radial electric field. In the present paper, a guiding center approximation orbit equation is found by assuming the conservation of three integrals of motion, i.e. the total ion energy E, the magnetic moment µ and toroidal angular momentum PΦ, and it is used to calculate expediently the ion orbit loss region. The direct ion orbit losses in the initial velocity space near the plasma edge of EAST with SN (single null) divertor configuration are analyzed systematically. The ion loss regions are obtained by solving the guiding center approximation orbit equation of critical ions with the effect of the radial electric field taken into account. Under the influence of plasma current Ip, the type of ions, the toroidal field Bt and the changes of the loss regions are analyzed and calculated accordingly.
Introduction
Since the H-mode was first discovered on ASDEX [1] , it has been obtained in different heating conditions on different devices. Experiments evidence that additional heating can establish high ion temperatures just inside the LCFS (last closed flux surface) and reduce the local ion collisionality [2] . In this case, the ions can escape directly through the X point region to the divertor target plates. According to experimental results, the formation of the H-mode [3∼7] is related to the region where a negative radial electric field emerges. It is generally accepted that the shear of an electric field suppresses abnormal transport and forms a transport barrier, improving the confinement of particles and energy in the local area. It is considered that the negative radial electric field comes from the inneutrality caused by direct ion orbit loss near the plasma edge [8∼10] . Correlative evidence of the effect of these losses on L-H transition comes from DIII-D, where low ion collisionality at the edge has been found to correlate with the occurrence of an H-mode, while at high collisionality the plasma remained in the L-mode. The influence on the direct ion orbit loss regions in the presence of a radial electric has been studied in Refs. [11, 12] . The loss cone model and the basic edge region measurements have been described in Ref. [13] .
In tokamak magnetic configuration, because of the gradient magnetic field ∇B and the curvature of a magnetic field, the perpendicular drift of the guiding center of charged particles will drive these particles to move across the magnetic field and bring about a displacement. Ref. [14] shows that there is a larger displacement for ions with higher temperature and larger mass, and the displacement may take place in the outside, inside or across the initial magnetic surface, depending on the initial position and initial velocity direction of the ions. If it is collisionless, in a tokamak magnetic configuration, normally the orbit of a charged particle is a circle or banana-shaped orbit in the poloidal cross sections, and the charged particle can return to the initial location. In a divertor configuration, those ions that are near the LCFS and with a larger outside displacement will be lost easily when the ions move out of the LCFS near the X point. Basically, the electrons move along the initial magnetic surface because of very small displacement and larger velocity. The neutrality of the plasma cannot be maintained because of direct ion orbit losses near the edge, and thus a negative radial electric field is established. The negative radial electric field will reduce the ion loss region in turn until there is no ion drifting across LCFS, so the negative radial electric field no longer grows and arrives at an equilibrium state. In this paper, the general ion loss regions in a divertor configuration are studied systematically in the absence and presence of a negative radial electric field. The influences of multiform factors on the loss region are analyzed and calculated, including I p , kind of ions and B t .
Guiding center orbit equation
In tokamak plasma, the bounce frequency of a banana particle is well above its collision frequency because of the higher temperature. So the total ion en-ergy E, the magnetic moment µ and the toroidal angular momentum P Φ can be assumed as conservations of motion as follows,
Here Φ is the electrostatic potential, p = mP Φ /(Ze), Ψ(R, Z) is the poloidal magnetic flux, ψ = Ψ/(2π) is the poloidal magnetic flux function, B ≈ B t = B 0 R 0 /R. Merging the polynomials above, there is
Here
, ∆Φ is the electric potential difference between the initial and the ultimate places. The guiding center orbit in phase space (R, Ψ) can be confirmed from Eq. (4). It is clearly seen that Eq. (4) is a hyperbola in (R, Ψ) plane, whose vertex is (R b , p). The guiding center orbits of all particles are restricted in an area between Ψ = Ψ(R, Z)| Z=0 and Ψ = Ψ x , here Ψ x is the poloidal magnetic flux function of the X point. Eq. (4) shows a banana orbit if the vertex of the hyperbola lies in this region when ∆Φ=0, and R b is the bouncing point of a banana particle.
Loss regions inside the LCFS
The following data produced by using the plasma equilibrium code -EFIT (Equilibrium Fitting) -calculated for EAST and the parameters of EAST with a SN divertor configuration are as follows: major radius R 0 =1.75 m, minor radius r a =0.47 m, R in =1.386 m, R out =2.326 m, R X =1.611 m (see Fig. 1 ). In this case, the ion drift velocity υ ∇B+CB of the gradient magnetic field and the curvature of the magnetic field directs it towards the X point and the poloidal magnetic field directs it counterclockwise, so the poloidal magnetic flux function inside the LCFS is greater than that at the X point, there is
Here R X and Z X are the coordinates of the X point.
The poloidal magnetic flux function of the X point satisfies
On the low field side, those ions whose direction is the same as the plasma current move on a compressed orbit, otherwise the ions move on an outward orbit. Some ions moving on an outward orbit and satisfying particular conditions can be lost when they move out the LCFS near the X point. The conditions of ion loss, i.e. the ion loss region, are decided by the ion initial velocity and direction. To analyze the ion loss region in the initial velocity space, let some ions launch at point L, 1 cm inside the LCFS in the low field side. It is clear that there are two possible cases of direct orbit loss for a test ion launching at the L point (see Fig. 1 ). In the edge region of a tokamak, only those ions that satisfy some critical conditions can be lost. If an ion at L point can escape from the X point to the moment, it satisfies
Here υ //L is the parallel velocity of a critical ion at an initial place. It will be υ //X when it arrives at the X point. ∆Ψ L is the difference in the value of the poloidal magnetic flux function between points L and X, which can be confirmed by using the EFIT code. If a minus is adopted in Eq. (8), the ion is a banana particle. If the difference value of poloidal magnetic flux function between point L and this point has |∆Ψ| ≥| ∆Ψ L |, when an ion arrives near the X point, it will be lost.
Firstly
and the angle of incidence satisfies δ=cos
In this case, the ion is a banana particle (see Fig. 1(b) ) and there is
With the values of the EAST parameters substituted into Eq. (11), the minimum energy of ion loss can be obtained, E 0 =0.5 mV
p /A keV, where Z, A, I p are nuclear charge number, mass number, plasma current (unit of I p : MA) and the incidence angle is δ 0 ≈cos
• . The δ 0 is also the critical angle of a banana particle, if δ ≥ δ 0 the ion will be a banana particle, otherwise it will be a passing particle. When E > E 0 ions can be lost from a broader region (see Fig. 2 ). In the low energy area (from E 0 to E 2 ) of the loss region, only banana ions can be lost, their incidence angles can be obtained from Eqs. (7), (8) and (9) , that are from δ 0 = 50.5
• to δ 0 = 56.3
• . When ion energy is higher than E 2 = 5.77 Z 2 I 2 p /A keV, some passing ions can be lost, until E 3 = 8.67 Z 2 I 2 p /A keV, all the passing ions with outward orbits can be lost. The introduction of a negative radial electric field will bring about an E r × B drift in the counterclockwise direction when ion v ∇B+CB is towards the X point. The E r × B drift will decrease the parallel velocity of the ions moving opposite to the plasma current, resulting in a displacement of the loss region towards smaller δ. The E r × B drift changes the critical conditions of ion loss and also changes the ion loss region correspondingly. A critical loss ion satisfies
In a negative radial electric field, if the critical ion can still be lost, it satisfies v 0 = v c because of the constant of Ψ L , that is
For simplicity, an E r inside the LCFS as a linear function of the poloidal magnetic flux function is introduced by calculating the changes of the loss region for different negative radial electric fields, as shown in Fig. 3 , which drop a hint of the formation of the negative radial electric field. With increasing negative radial electric fields, the incidence angle of ion loss will gradually shift to smaller δ. So that those regions [10] will be prolonged, which will make many deuterium ions pass into the loss region. The increase of new loss ions will further improve the value of E r , until there are no more ions going into the loss region and E r arrives at an equilibrium value. The general ion orbit loss regions with SN configuration are studied systematically in section 3 in the absence and presence of the negative radial electric fields at point L. As can be seen from previous studies, the loss region of a known kind of ion increases by and large in direct proportion to the square of I p when there is a lack of an E r and the angles of incidence of every point are unchanged (see Fig. 4) . A lower I p can make the loss threshold energy lower, which causes a larger ion loss even if the ion temperature is very low. So this makes it possible to produce a larger E r at a lower ion temperature. The additional heating power has to be higher for producing the same E r if I p grows higher. For example, the ratio of lost deuterium ions to total deuterium ions for I p =0.5 MA and certain ion temperature T i is the same as that for I p =1 MA and 4T i when ∆Φ=0. In the presence of E r , the deuterium ion loss region changes with I p , as shown in Fig. 5 . The loss regions of a known kind of ion with a lower I p will change more for the same E r . With different I p , they will have the same tendency as E r ∝ I 2 p . The changes in the loss region indicate that a lower I p can make more ions go into the loss region for the same E r , as a result, a higher equilibrium E r will be obtained in the end. So if the plasma current increases from I p to 2I p with the ion density remaining a constant, the ion temperature will have to change from T i to far above 4T i for achieving the same equilibrium E r .
The type of ions
The type of ion has an influence on the loss region through charge Ze and mass m. D, 4 He 1+ , 4 He 2+ have been used to study the loss regions. The loss region with the same I p increases in direct proportion to the value of Z 2 /A when ∆Φ=0 and the angles of incidence of every point are unchanged (see Fig. 6 ). The m −1 dependence of the loss region when Ze remains a constant and the Ze 2 dependence of loss region when m remains a constant are found. So an ion with a larger m and smaller Ze can result in more ion losses and produce higher E r . As for the effect of E r , the loss regions of different ions will have the same tendency as E r ∝ Z/A (see Fig. 7 ). If Z is larger, the loss region changes more, while if A is larger the loss region changes less.
Toroidal magnetic field B t
The above results are all obtained by solving guiding center approximation orbit Eq. (4). The Larmor motion of charged particles has not been considered in the calculation. Because of
2 , the loss regions are unrelated to the toroidal magnetic field B t . However, B t is associated with the Larmor radius in the form of ρ = mv ⊥ /(ZeB t ). If an ion's guiding center comes near the X point and at a Larmor radius ρ distance away from the X point inside the LCFS, it will be lost. So the lower the B t , the bigger the ρ, the lower the loss threshold energy and the more the ions that will be lost. 
Conclusion
Ion orbit loss is studied systematically in the EAST with an SN configuration at radial position L. The general loss regions are obtained in velocity space in the absence and presence of the negative radial electric fields. The ion orbit loss is responsible for E r and E r may change the loss region in return, which can lead to some new ions going into the loss region and lost. So E r will increase gradually until a steady state is achieved.
The higher the ion temperature, the higher the equilibrium E r . Multiform factors including I p , kind of ions, B t having effects on the ion loss region are analyzed and calculated. With theoretical analysis and a great amount of calculations, it is clear that the high E r is easier to achieve on the condition that the plasma has lower I p and B p , lesser Ze and larger m. Interactions between the ion loss region and E r may shed some light on the L→H transition.
